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Abstract 


Many of the limitations of two element resonant topologies can he ovorcoine by 
adding the third reactive element. However, the number of possible circuit topologuis 
increase as number of reactive elements increase.The selection of a proper higher order 
topology for a given application is a difficult task. In this work a new LC-LC typci 
resonant converter using a capacitor output filter and providing load independent o|)- 
eration at two frequencies is presented. Pulscwidth modulation (PWM) is einployiHl 
to (rontrol the output voltage. The possible modes of converter oiKuation under PWM 
are analysed using state space equations with numerical solution approach. A lunv anal- 
ysis technique by state varibale transformation and developing decoupled state space 
ecjuatiouiis developed for frequency controlled converter. This method turns out to 
be an ellicieut analysis tool for liighcr order converters. Steady state .solutions are ob- 
tained by running the simulations for sufficiently large times. Closed form solutions are 
w'orked out based on a simple analysis tcchniquo-Complox circuit analysis toc.luii<iuo. 

An extensive simulation has been carried out using a C Program which is compared 
with SPICEl-software package for verification. The C program was used extensively to 
study the transient and steady state performance.There is complete agreement between 
the results obtained by the above program and those obtaiiuid by .SPICIO. 
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Chapter 1 


INTRODUCTION 


1.1 Introduction 

The resonant converters have been enjoying the interests of researchers for quite a long 
time because of their following inherent qualities: 

• lower size & weight of reactive components. 

• high frequency of operation. 

• less EMI. 

• soft switching and hence lower switching losses. 

• high efficiency. 

• low harmonic content etc. 

The research in this area has been multidirectional in nature. For having a overvitiw 
regarding dimensions of the research, a literature review is presented in the following 
section. 
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1.2 Literature Survey 

Hrsonanl, converter (concept wjw first reported and patented by Scliwiirz [21] in 11)70. 
In this seminal work the so called series resonant c(^nvcrter(lat(!r natiusl as Schwarz 
conveU'r) is discuss(‘d in detail. It is shown in this paper that the pow(;r transler Iroin 
sotirce to load t hrough resonant tank can be controlled by controlling the i)has(! tingle 
(Vv) bel.wcen input voltage and output voltage of resonant tank. 

\ control system known as ’’Analog Signal to Discrete Time Interval Converter” 
(ASDl’IC) is also discus.sed and utilised for controlling the convert, er. 

1.2.1 Control Techniques of Resonant Converters 

The well known series resonant converter(SRC) and parallel resonant converter(PRC) 
have been analysed and investigated exhaustively in the open literature [20, 21, 28]. In 
these converters the output voltage is controlled by controlling the freiiuoncy of oper- 
ation. In SRC the output voltage is load independent only if the operating froijucncy 
is very near to resonant frciiucncy ,bnt we can not have voltage riigulation in this casii. 
So for varying loads we will have to change the frequency of operation over a very widi; 
range. The PRC has a demerit that at lighter loads the efficiency of the converter 
<iecrea.s('s because of circulating currents. It also gives load dependent operation. 

In an attempt to overcome the limitations of the converters listed above, fixed frqucucy 
control with various control techniques were tried. 

• Fixed frequency with phase staggering control [12]. 

• Fixed frequency wuth j)ul.sewidth strategy [19, 22]. 

• Integral cycle control (Quantum control) [14, 15]. 


1.2. 1.1 Fixed Frequency Phase Staggering Control 

Two n'sonant invertors are connected to a common load with a phase .shift botwi'en t.lu' 
voltagos of individual invertors. Summing of thoir output voltngos or cnni'iits provides 
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jK'iuly 100% raiif^e control. This strategy is extensively covered in [12) . 'I'he operation 
at light loads is quite satisfactory, but it has the following disadvantages. 

• The number of switches are double that of normal SLRC. This results in more 
losses. 

• Lower ellicieiicy at lighter loads, 

• The converter performance is still load dependent, for given plnise and ininit volt- 
age because the converters are not operated at resonant freciuency. 

1.2. 1.2 Pulsewidth Control Strategy with Fixed Frequency 

The resonant inverter is operated at fixed frequency and control is oblaiiKal by varying 
the pulsewidth of the bipolar switching waveform applied to the resonant tank network. 
P\ilsewidth modulation solves completely the problem of loss of (control at light loads 
[22] as the time during which the source is connected to resonant tank is red)iced to 
almost zero. Also, by proper choice of switching frequency in relation to tlie resonant 
frequency, the turn on losses can be reduced to zero and the turn off losses can bo 
minimised by the use of capacitive(lossless) snubbers. Though this strategy solves 
many problems, still the load dependent nature of the output voltage remains unsolved 
if the frequency of switching is not same as resonant frequency, an<l at times elaborate 
switching strategies arc employed to control the output voltage under extreme, load 
conditions. 

1.2.1. 3 Integral Cycle Control 

In this mode of control, the resonant inverter is switched exactly at re.sonant fretpKuiey 
and the output voltage is controlled by time domain control i.e. by proi)er selec- 
tion of switch modes - power mode and free resonant mode. In the power mode, the 
source power is delivered to resonant tank network and load. In the free resonant 
mode,switches are controlled in such aw'ay that the resonant tank supplies power to 
the load without drawing any pow'er from the source. Importantly, the inverter is eitluir 
of the modes for a complete half cycle of oi)eration. By controlling tlu' numlxn- of half 
cycles of p<nqer to the number of half cycles of free re.sonant in a int erval of time period, 
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t.lu> t)>jl.))ut voltage is linearly controlled. This scheme overcoines all tlur (liHa(lvanl.ag('.s 
of other schemes. However, it has following limitations. 

• C V)ntrol within one half cycle is not pos.sible. 

• Ib'sponsc is slow jis it depends on number of cycles iti a given period. 

• If the number of half cycles for a given period is low, then quantum step of output 
voltage is large. 

• Peak stresses of the resonant tank components are high as the switching frequency 
is same as resonant frequency. 

Other control techniques which have been utilised and reported are : 

• Resonant tank control. (8) 

• Optimal trajectory control.{6] 

• Closed loop control with externally designed robust controllers. (7, 10, 16] 

1.2.2 Analysis and Modelling Techniques 

Analysis and modelling of the resonant converters is relatively difficult when it is couj- 
pared with conventional PWM converters (Buck,Boost,Buck-boo.st,cu^' convertors etc.) 
because state space averaging technique-which proves to be a wonderful tool for mod- 
elling PWM converters, is not applicable because the internal circuit time constants are 
comparable to the switching frequency. Number of analysis and modelling techniciuos 
have been developed in the literature but still there is no technifpie which could (‘stab- 
lish its superiority over the remaining ones. Following are the techniques which have 
been reported in the literature: 

• State-space numerical solution of steady state [21, 5, 20, 29). 

• Sampled data modelling technique [9]. 

• State plane analysis technique [18, 16). 
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• Complex circuit analysis technique (26, 13, 24]. 

• Fourier series technique (27). 


1.2. 2.1 State-Space Numerical Solution of Steady State 

In t.his the convert, er circuit is rejjresented by a nutni>er of circuits describing ea<'b mo(b! 
of operation seperateJy. Then .state variables are solved for each mode and by apjjlying 
the initial and boundry conditions the closed form solutions for dilfercnt converter 
parameters are obtained. (20, 21, 5] 

This technique is restricted to be used for converters where state variable arc lim- 
ited (not more than 3) in number. As the number of state variables goes high this 
tochnitjues can not be applied easily. 

Another drawback of this technique is that only steady state parameters are obtained 
and hence it is not suitable for transient analysis. 

1.2.2. 2 Sampled Data Modelling Technique 

This b'chniquo utilises the inherent sampled nature of the switched converter !U\d 
nKHtuues that the converter switcluiigs are possible only at discicb* intervals. I'laeli 
cycle of operation is divided into number of subintervuls at which some coiidithm or 
state of the circuit undergoes a change (9j. The boundry conditions are applied at the 
end of each subinterval and in this way the states at the end of cycle are related to the 
states at the start of the cycle and input conditions. In this way we get a sainplcd-data 
reperesentation of the system. The z-IVansform technique and perturbation techniques 
are used to describe the behaviour of the system and small signal modelling of the 
system respectively (9]. 

Because the sampling frequency is same as the switching fr(!(|uency Inuice this 
mei.hod gives satisfactory results only if the control signals are changing at a frecpiency 
which is h'ss than half of the switch frecinency. 
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1.2. 2. 3 State-Plane Analysis Technique 

This is a graphical technique in which the converter state variables are nonnalised and 
represented on a state plane and different control methods are also represented by con- 
trol characterstics on the same plane and the converter parameters are evaluated once 
the state plane parameters are determined. A general method for analysing parallel 
n'sonant converters with state plane is suggested in (3|. This method is simple for 
simple convertersfSRC or PRC) but becomes very involved if munber of state variabl(\s 
an* more than two {4. 3). A control method known as Optimal IVajectory Control is 
discus.sed in [6]. 

1.2.2.4 Complex Circuit Analysis Technique 

This technique is quite simple but applicable only in a limited range of frequencies 
around the resonant frequency of the converter. In this the converter is assuimid to 
be fed by a sinusoidal voltage source which is equal to the fundamental component of 
the inverter output voltage. The load is replaced by an equivalent resistance. This 
technique is largely described in chapter 2. 

1.2. 2. 5 Fourier Series Method 

This technique of analysing the resonant converters is based on the fact that inverter 
output voltage can be represented by its Fourier Series description and similarily the 
the output voltage or current can also be represented by Fourier series. The circuit 
performance is calculated as a response to these two energy sources and sinks and 
by applying energj’ conservation law the conveter parameters are evaluated. I’hi.s 
t('('lmi(|U« is described for HHC’ in (27). 

This technique is quite accurate as we can choose as many harmonics as w(i i)l('as(' 
for analysis. 
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1.2.3 Topological Aspect 

It. has been shown in [5, 11, 13] that the demerits of converters witii two elements can 
be eliminated, while maintaining the properties of original converters, by the addition of 
the third element(e.g. LCC,LCL,LLC converters etc.). Some reserchers have recently 
started showing their interest in higher order topologies. 

Tin* converters of two.three.and fourth order commutation networks are listed in 
[13]. There are 98 topologies pos.siblc with 4 elcmcnts(2 inductor and 2 capacitor). 
The fourth order topologies are more representative because they can make use of 
i.ransfornu'r parasilics i)r<)fitahlv [25, 13). In [19] tin' sc'rios resonant conv(‘rti’r with 
anoth(‘ jmrallol branch(LC-LC) is analysed and shown to be mure ollicient. In [24] a 
new control method by switching from one resonant frequency to another out of the 
three resonant frequencies of a high order convrter is jnesonled and hence <-onv('i t.or 
always hmetion with zero current switching(ZCS) at three pow{!r levcils. The advantages 
of liigher order converters have not been fully explored so far and number of works are 
being reported' on this topic. 


1.3 Scope of Present Work 

1.3.1 Objective 

The main objective is to study the fourth order DC-DC V-N-V converters [13]. Tlu' 
study involves analysis, selection of Topology with minimum component stresses and 
simulation of the converter. The possible applications envisaged for the proposed 
converter are: 

• High voltage i)Ower sui)plics used in communication c(iuipments such fus radars. 

• DC!I-DC converters used in airbornc/spacc applications. 

• Industrial applications such as induction heating. 
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1.3. 1.1 High Voltage Power Supplies[25] 

High voltage power supplies are required in radar transmitter to energise the final power 
amplifier. In most of the pulsed radars the load to these power supplies is pulsed in 
nature. Therefore, large capacitance filters are generally used at the out])ut and peak 
currents of the order of 10 A to 30 A is drawn for short duration depending on the 
pulsewidth and duty ratio of the radar system. The pulsewidth generally ranges from 1 
/;..s to 30 (IS and pulse repetition frcquencies(PRFs) from 500 //* - 10 kHz. Therefore, the 
DC-DC converters used to generate high voltage should be capable of working with 
cai)acitive filters(voltage-source loads) . The PRF is generally changed very frecpiently. 
This demands that the converter should be capable of working varying loads. 

It has been pointed out[29] that main problems associated with the DC-DC con- 
verter used for HV power supplies are parasitic reactive elements fussociated with IIF 
transformer. 

It has been suggested [29] that an attractive alternative for II V DC-DC a|)pli(‘ations 
is the use of resonant converter in which the transformer non idealities are incorporated 
into basic operation of the circuit. 

1.3. 1.2 DC-DC convertes used in space application[25] 

DC-DC converters are used in airborne equipment to convert the 48V DC into required 
voltage lavels necessary for operating various electronic equipments. The important 
requirements for these applications are: 


• Small size and light weight. 

• Reliability of equipment. 

• Less EMI. 




Ea.sy control. 
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1.3. 1.3 DC-DC Converters for Induction Heating[25] 

The load on induction heating equipment depends on the size of the job. Hence the con- 
verter used for this application should take varying loads. Therefore, a load insensitive 
output voltage is always preferred for this application. 

In present work the characterstics of fourth order resonant converters are investi- 
gated and a method for selecting the right topology is discussed. The selected topology 
is exaustively simulated using SPICE3 and a C program is written to carry out the 
transient analysis of the converter to study the behaviour of the converter at starting 
and for step changes in control parameter(D) or load((3i). The design method and 
selection of optimum filter capacitor is also described in detail. 

A new steady state analysis technique is developed using state variable transforma- 
tion and is verified by simulation results. 

The start-up of the converter is discussed in detail so that optimal starting of the 
convertor can be assured without much stresses on the components. 


1.4 Organisation of the Thesis 


The present work is organised in six chapters. 

Chapter 1 gives a brief literature review and introduction of the work done so far 
on the resonant converters. Chapter 2 gives detailed analysis of the fourth order V- 
N-V converters with example of a topology. In chapter 3 the discussion related to the 
selection of the suitable fourth order topology is presented. The minimum cornijonent 
HtroHH(!H principle is also discuHscid. Chapter 4 prosemtH tlie opc.iation of tlie wihicted 
fourth order converter. In chapter 5 detailed sinmlation of (:otiv(irter is presmited with 
the methodology adopterl for tiin simulation. Chapter 0 gives a brief coiielusion of the 
pr(i.S(!nt work and Huggestioiis for the further work on this topic.. 




Chapter 2 

Analysis Of Fourth Order 
Converters 


2.1 Introduction 

As the number of state variables increases in a switched converter, the state space 
analysis and closed form solutions become difficult to obtain. In a switched converter 
tliere is always a switching non-linearity and hence piece-wise wave form (Kiuations 
can be obtained but applying boundry conditions in a iiigher ord(!r system to achi(!vc 
the closed form solutions is a difficult(sometimes impossible) task because it requires 
iterative solutions of the initial and boundry conditions. 

There are 98 possible topologies with 4-elements (2 inductors and 2 capacitors) [13]. 
Out of which 16 are pointed to be of voltage source and voltage sink type. These 
topologies are listed in fig 2.1. Out of these 16 topologies 4 are just shunt type and 
they are not considered because in these there is no control of output voltage (which 
always remains same as that of the input voltage). Out of remaining 12 topologies 
those topologies are considered in which the leakage inductance of the transformer 
can be added into one of the resonant inductors . Hence only 6 topologies whicli arc 
described in appendix-A are used for further study. These are listed in fig. 2.2. 

A practical method for steady state analysis of fourth order resonant DC-DC con- 
verter is presented. In this method the converter is represented by the diffcroutial 
wpiations for each state variable. Then state variable arc transformed to a new sot 
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of variables as suggested in [3] so that the new state equations are completely decou- 
pled. Now the new state equations are solved and transformed back to original state 
variables. Now by applying the initial and boundry conditions the parameters of the 
conveter are computed. 

A simple complex circuit analysis(CCA) technique is suggested in literature [13] and 
u.sed profitably [26] for analysis of resonant converters. This technique turns out to 
be a wonderful tool if the switching frequency of the converter is close to or above the 
resonant frequency of the system [17]. This is not really a restriction, as in practice ,a 
converter is normally driven close to or above resonance frequency to achieve better 
efficiency [25]. 

For validating the results obtained by CCA technique , the actual state space equa- 
tions are solved numerically with the help of a computer and different parameters 
(converter gain and peak component stresses etc) are obtained by both the methods 
are compared and found to be matching. 


2.2 Steady State Analysis 


The general block diagram an equivalent circuit of order resonant converter is 
shown in fig. 2.3 and the networks shown in fig 2.2 are substituted in place of the 
order resonant tank” block to get the converters of different possible topologies. The 
steady state analysis can be carried out with Time domain analysis as well as complex 
(urcuit analysis. The metliod.s of analysis are presented only for topology 8, for the sake 
of presentational ease. 

2.2.1 Time Domain Analysis 

In general, the derivation of analytical equations for resonant converters must begin 
with the state-space model. Following assumptions are used to simplify the analysis. 

• All the devices and components are ideal. 

• Filter capacitor is very large so that the output voltage remains constant in steady 
state. 
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Figure 2.1: Diffrent Topologies with Four elements(2 L and 2 C) and Voltage source 
and Voltage sink type(V-N-V) 



Figure 2.2: Selected Topologies For Analysis with Four elements(2 L and 2 C) and 
Voltage source and Voltage sink type(V-N-V) 
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(C) 

Figure 2.3: Block Diagram of General Resonant Converter (a) Full Bridge V-N-V (b) 
Half Bridge V-N-V (c) Equivalent circuit 


• The duty cycles of the gate signals for switches SI, S3 and S2,S4 are 50% each 
and non-overlapping. 

fig. 2.19 and the steady state differential equations are given in eq. 2.1- 2.4. 

Based on the above assumptions and the equivalent circuit of fig. 2.4 the steady 
state waveforms of fig. 2.5 and fig. 2.6 are used to find a state space model as given by 
eq. 2.1- 2.4. 


dill 

dt 


-77 (uci + ^C2 + sgn{ii,i).Vo - mVg) 


dvci 

dt 

diii 

dt 


= cT*“ 
= 12”'^ 


dvc2 1 
-JT = 52 


(2.1) 

( 2 . 2 ) 

(2.3) 

(2.4) 
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iLl + vCl - + vC2 - 



Figure 2,4: Equivalent Circuit of the Converter(Topology 8) 



Let the transformed variables are defined as given by eq. 2.5- 2.8. 


= Vci + KiVc 2 ‘ 

(2.6) 

V2 - VCl + K 2 VC 2 

(2.C) 

H = ibi + Kzii2 

(2.7) 

*2 = Hi + 

(2.8) 


whore Ki-K^ aro defined a.s given by cq. 2.9- 2.12. 
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Figure 2.6: Steady state Waveforms for the converter(Topology S)(F’l > 1.0). 


Ki 

K2 


K2 = 

wliere a and h are defined as follows; 


(1 + 6 - a) + y^(l + 6 — a)2 + 4a 
2 

(1 + 6 — a) — ^(1 + 6 — a)^ 4- 4o 
2 

l-Kx 


b 

1 - A 2 
b 


a = 


C2 

Cl 


L2 

Tho state equations in transformed variables are given by eq. 2.15- 2.18 

^ + >VlHk\)yn - fnV„) 


(2.9) 

( 2 . 10 ) 

( 2 . 11 ) 

( 2 . 12 ) 


(2.13) 

(2.14) 

(2.15) 
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dvi _ 1 . 

— = + sgn{iu)yo - mVg) 

dv2 _ 1 , 

H “ cu'^^ 

whoro Cll and C/12 arc defined as following: 

cn - 

(al + Ki) 

(712 = -r-^^ 

(a + K 2 ) 


(2.16) 

(2.17) 

(2.18) 

(2.19) 

( 2 . 20 ) 


Now the state equations given by eq. 2.15- 2.16 are normalised by the base quantities 
given as following. 


VB=Vg 

= y/ik 

= 7rrcu 

whereas the eq. 2.17- 2.18 are normalised by the base quantities as following. 


Vb = V; 



I 02 = 


va. 

Zb2 


VI/1C12 


Normalised state ociuations arc given by ecj. 2.21- 2.24. 

■§■ = -(mi + sgn{iLi).M - m) 

Ciui 


dji 

d92 


drrti 

= -(m2 + sgn{iLi).M - m) 


( 2 . 21 ) 

( 2 . 22 ) 

(2.23) 
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dm2 

whoro 0i and 62 are defined as following: 

01 = OJBlt 

62 — 

wo define the ratio of two resonant frequencies a ’21 as following: 


(2.24) 


(2.25) 

(2.26) 


U)21 = 




(2.27) 


a;2i 


{I<2 + a) 

^| (Ki + a) 


(2.28) 


2. 2. 1.1 General Solutions of the Decoupled Equations 


The general solutions to the eq. 2.18- 2.24 can be obtained very easily and are given 
by eq. 2.29- 2.32. 


J7ii(0i) = A\coa{0\) -I- B\sin{6\) 4- (m — sgn{i[,i)M) (2.29) 

ji(^i) = BiCos{9i) - Aisin{di) (2.30) 

7712 (^ 2 ) = A2 Cos{ 62) + B2sin{02) -f (m - sgn{iii)M) (2.31) 

j2(02) = B2Cos{ 92) - A2sin{92) (2.32) 


where Ai,A2,Bi and B2 can be obtained by applying the initial conditions in eq. 2.29- 
2.32. 

2.2. 1.2 Solutions for Different Time Intervals 


'J’lio solutions for titne interval Pl(a:i > 0i > 0): 
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mi(0i) = (mio + M - l)cos((?i) + jio8in{6i) + (1 - M) (2.33) 

= jiocos(0i) - (mio + M - l)sin{9i) (2.34) 

m2(6>2) = (m2o + M - l)cos(02) + j20«w(6>2) + (1 - M) (2.35) 

^2(^2) = j2ocos(02) - (7^20 + M - l)sm(02) (2.36) 

The solutions for time interval P2(a!i < < 71): 

7ni(0i) = (rnii — M — l)co5(0i — ai) +jiisin{9i — o-i) + (1 4- M) (2.37) 

ji{0i) = jncos{9i - ai) - (mu - M .- l)sm(^i - tti) (2.38) 

^ 2 (^ 2 ) ~ (^21 ~ ^ — l)cos(02 — 0 : 2 ) “h j2i®*^(^2 — 0 : 2 ) + (1 4" A/) (2.39) 

32 ( 02 ) = j2icos{92 - 0 : 2 ) - (o^2i - M - l)sm(^2 - Oi2) (2.40) 

where mio,jio,m2o and j2o are the initial values of mi,ji,m2 and ^'2 respectively and 
miijii,m2i and are the values of my,j\,m 2 and j 2 respectively at the end of interval 
PI. 

oti=u}Biti (2-41) 

0:2 = uJB2ti (2.42) 

ti is the time when the current in changes its sign. 

State variables at the end of interval PI are given by eq. 2.37- 2.40. 

mn = (mio + M - 1)cos(q:i) 4- jiosm(Q!i) -I- (1 - M) (2.43) 

jn = jiocos{ai) - (mio 4- M - l)sm(a;i) (2.44) 

17221 = (m20 4- M - 1)005(0:2) 4 - j2Qsin{a2) + (1 - M) (2.45) 

j2\ = j2ocos{a2) - (mao 4- M - 1 ) 5172 ( 0 : 2 ) (2.46) 
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Bec^aiise of the half-cycle stability and half-cycle .odd symmetry of the switching 
waveforms the state variables at the end of the half-cycle should be the same with 
opposite sign hence the initial conditions can be given by eq. 2 . 47 - 2.50. 


where 


- ai) + 3nsin{'yi - ai) -f (1 + M) 

(2.47) 

i) - ("Mo - M - l)sm( 7 i - f^i) 

(2.48) 

- 0 : 2 ) + 32Qsin{')2 - 0 C 2 ) + (1 + M) 

(2.49) 

2 ) - ("i 20 - M - l)sm (72 - 0 : 2 ) 

(2.50) 

11 

(2.51) 

II 

fi 

(2.52) 


where Fi and Fa are normalised switching frequencies with and ub 2 respectively. 

Substituting the values of initial conditions given by the eq. 2 . 47 - 2.50 into the 
cq. 2.43- 2.46 the values of Jji and m 2 i can be found in terms of 71 , ai and 72 
and a 2 respectively as given by eq. 


jii = Biz + Biicos (ai) + Bnsin (ai) 
j2i = B 2 Z + B21COS (ai) ■+• B22sin (cci) 
sin 

mil = —2 — 

sin 

1^21 = -2 — 


(f ) (” t^) 

cos(f) 


(2.53) 

(2.54) 


(2.55) 


(2.56) 


At time ti the i/,i(ti) = 0 and hence reverse transforming the variables jn and jzi 
and solving for a;i iteratively we can find the value of o') and 0-2 ns following. 


. _ {K4H — Kzi2) 


(2.07) 
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(K,j, - gja) 

(K, - K 3 ) 


AXt = ti the value of jm will be given by eq. 2.59. 


(2.58) 


[K4 {J 3 iiC 0 s(q:i) + Businicci) H- B13} - ^ {B2icos{a2) + B22sin{a2) + ^13}] 
(ti) = 7 ^ rrr 


(Ka-IU) 


(2.59) 


Where B11-JB23 are defined as given by eq. 2.60- ??. 


Bii = -tan y—j 

(2.60) 

Bi2 = B 22 = 1 

(2.61) 

Bi 3 = -Mtan 

(2.62) 

B21 = -tan 

(2.63) 

B23 = -Mtan ^y^ ■ 

(2.64) 


Hence we obtain the following key equation for calculating the value of ai and hence 
Q!2 given by eq. 2.65. 


K, 

Kji (Biicos(ai) + Bi2Sin{ai) + Bn) {B2\cos{a2) + B22.‘5*n(«2) + = 9 

(^12 

(2.65) 

The eq. 2.65 can be solved iteratively for given values of 0,6,71 and M . 


2.2. 1.3 Output Characterstics of the Converter 

The output characterstics of the converter are the curves between normalised oiitput 
voltage M and normalised output current Joi at different frociuencies. These charae- 
terstics can be obtained once the value of M is computed. 



2 2 HlnU' Auulyriiw 


2i 


-'ol 


7i (A'4 - A'a) 


—yrr {A3 u;i2?^12i — A'4rnii} 


(2.(jG) 


The output characterstics of the converter given by topology G arc shown in lig. 2.7- 
2.9. 


Output Characterstics of the Converter for a = 1 ,b = 1 



Jol > 


Figure 2.7: Output Charactensties Curves of the converter of topology G(ji — l,h — 1). 


Slttiilnr ehninctetsllc.s for /'’I “■ G.O nti<l for vmylng viilnen of o nud h iik' fdiown in 
iig. 2.10. 

The output characterstics obtained by simulation of the converter are shown along- 
with the analysis characterstics for F\ = 0.92 in fig. 2.11 and are found to be almost 
niatcliing. 'I'liiB valitlafes the results of (he analysis by th(> nieflKtd suggested in f.liis 
ehapfcr. 
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Fignro 2.8: Output Charactorstiw Curves of the converter of topology G(fi = 2,1) = 1) 
for {liffereiit values of frequencies. 

2. 2. 1.4 Gain of the Converter 


Output Characterstics ol the Converter (or a o 2,b = 1 



The DC gain of the converter is one of the most important parameters and can be 
(leterinined as following. 


The average inverter current current is given by eq. 2.67. 

= (207) 

J. Jo 

l)utting iiA{t) in terms of U and as given by eq. 2.68- 2.72 and using the decoupled 
state ('(piations of eep 2.15- 2.18 the normalised average inverter output current is given 


{KaH - Kzh) 
(A'. - A'.,) 


( 2 . 68 ) 


{i\ - i'z) 
~ (A'3 - lu) 


{ 2 .()!)) 
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Jo1 — — 

Figure 2.9: Output Characterstics Curves of the converter of topology 8(a = l,b = 2). 


{K2VI - KIV2) 

(2.70) 

{vi - V2) 

{Ki-K2) 

(2.71) 

^ ^ f 2 {Ki + a) {K2mio - ATimao) ^ 

(2.72) 


Applying power balance to the input and output of the converter we have: 

Vslin = Volo (2.73) 

We also have relation between output current and output voltage and load (Qpi) 
defined by eq. 2.74. 


Joi — Qp\^ 


(2.74) 
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Figure 2.10: Output Charactcrstics Curves of the converter of topology 6 (FI = 0.9 
with a Hiul 6 varied. 


Froui e(j. 2.18- 2.21 we can find the following relation: 


where Qpi is defined as: 


A/ = 


Qpi = 


Qpi 


n 

Cll 

Ri. 


(2.75) 


(2.7G) 


Solving e(p 2.72- 2.76 iteratively we can find the value of converter gain and rj-j simul- 
taneously for given value of Fi and Qpi. 

The converter gain curves are drawn b<a.sed on the above discussion for dilferent, 
values of a,b and Qp, and are shown in fig. 2.12- 2.14 




2.2 Steady State Analysis 


25 



Figure 2.11: Output characterstics by Simulation and analysis for a = 2,6 = 1 and 
Fi = 0.92. 

2.2.2 Complex Circuit Analysis Technique 

This technique is based on the assumption- that most of the energy supplied by the 
source is at the fundamental frequency. Hence it is possible to replace the square-wave 
voltage source by a sinusoidal voltage source(see fig. 2.15). Moreover , to account for 
the effect of bridge rectifier the load resistance is replaced by an equivalent resistance 
Rac which is calculated as suggested in the following section. 

2.2.3 Effect of Bridge Rectifier on the Value of Load Resis- 
tance 


In fig. 2.16 h and H represent the rms fundamental components of ijCt) and Vb{t) 
respectively. Because of the diode bridge rectifier and the capacitive filter (Co) 
present in the output circuit, the DC output current is obtained as the average of 
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Figure 2.12: Gain vs Frequency Curves for a = 2 and b = 1 Using Time Domain 
Analysis. 

input ac current,i6(t), 


1 f TT 

lo — — I y/2Ibsin{ujt)d{ujt) 
Try 0 


( 2 . 77 ) 


where u) = 27rf and f is the switching frequency 


4 = 2 ^/. 


TT 


( 2 . 78 ) 


The fundamental component of the diode bridge voltage (output voltage reflected 
to bridge input) is calculated from Fourier analysis. 


1 

Vb = —7^ / Vb{t)sin{ijjt)d{u:t) 
J 0 


( 2 . 79 ) 
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C2/C1 = 2.0.L1/L2 = 2.0 



Figure 2.13: Gain vs Ftequency Curves for a = 2 and 6 = 2 Using Time Domain 
Analysis. 




TT 


Using eq. 2.78 and 2.80, equivalent ac resistance is given by 

Vb^±Vo 
h Io 


R = — = 


g 

RcC 

TT^ 


where 7?./^ = 


(2.80) 


(2.81) 

(2.82) 


2.2.4 Description Of the Technique 


The rins fundamental component of the inverter output voltage at terminals AB (s('(' 
fig. 2.15) can be found using the waveform shown in fig. 2.17. The duty ratio, D is 
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C2/C1 - 1.0,1.1/12-1,0 



Figure 2.14: Gain vs Frequency Curves for a = 1 and 6 = 1 Using Time Domain 
Analysis. 

defined as the ratio of the time duration for which SI and S2 or S3 and S4 are switched 
on simultaneously (Ton) to the half of the switching period(^), 

D = ^ (2.83) 

~2 

we define a new angular variable 6 by eq. 2.84. 

6 = ttD (2.84) 


The rms fundamental voltage 

1 1 

Vab = / VADit)sin{ojt)d{u}i) 

yj Z TT J Q 


r^n = — ’ VgSin{u}t)d{ut) - I ^ ' VgSm{ujt)d{u}t) 

\J1L TT 2 


(2.85) 


2\/2,. . ,(5 ' 
-—Vgsini-) 
TT Z 


( 2 . 8 ()) 


TT 



2.2 Steady State Analysis 


29 



N - nth order resonant tank network. 
R - AC equivalent load resistance. 

Vab - rms fundamental component of V 


Figure 2.15: AC equivalent circuit of general resonant converter 



Figure 2.16: Circuit diagram of output bridge rectifier and filter 
'Hk' generalised AC equivalent circuit of the resonant conver t er is shown in lig 2.15. 
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wllCK* 


and 


By using cqns. 2.87- 2.90 and using the normalised variables as defined in A|)|)endix- 
A t he gain of the converter can be given by eq. 2.91. 


Zl = 


22 = ^/2x,+ 


l-uj^LlCl 

jujCl 

ju)L2 




1 - U)^L1C2 


(2.89) 

(2.90) 


M = 


■’ < \ / 


(2.91) 


The gain normalised angular frequency (a;„) curves are obtained by eq. 2.91 and 
these are shown in fig. 2.19- 2.20 for different values of a and b whereas similar curv{?s 
for other topologies are shown in fig. ??- ?? for a=l and b=l. From eq. 2.91 it is 



Figure 2.19: Gain vs Normalised Switch Froq. Curves for Various Load Ib'.sistaees 
a=l,b=l 
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Figure 2.20: Gain vs Normalised Switch Freq. Curves for Various Load Resistaces 
a=2,b=l 


observed that the only term which depends on the load resistance i.s Q and if the b'rin 
containing it is zero then the gain of the converter will be independent of the load and 
will be given by 

M = sm(^) (2.92) 

The converter gain is plotted with respect to duty cycle(D) in fig. 2.21 and the plot 
found by simulation is matching with that found by o(}. 2.92. 

2.2.5 Calculation of Component Stresses 


From the ocjuivalent circuit the following o(inations for the component s(,r 


obtained: 


jlAp = 


4 

yrIZni 



Converter Gain*- 



Figure 2.21: Conveter Gain for Varying Duty Ratio (D),Qi = 2 
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whor(‘ Zn is the normalised input impedence of the network shown in lig. 2. 18. lunu:*- 




fi?L + ju;Ll+^ + 


jijL2 


n/lICI 


(l-u;U2C'2). 


(2.94) 




r. I 8 . . 1 

it^Qi 6 (l - 


nicip = 

mc2p = 


JlAp 

Wn 

3h\p^n 


jL2p = 


Hi-K) 

J Lip 


(i - >;) 


(2.95) 

(2.90) 

(2.97) 

(2.98) 


Similarily the stresses of other topologies can be computed by applying simi)le AC 
circuit analysis. 

'I'he stresses obtained by actual simulation of the converter and those calculated by 
(X'A for different topologies are shown in figures 2.22- 2.27. 

hVoai fig. 2.22- 2.27 it is observed that the component stresses calculated by CCA 
and actual solutions are almost matching for all the topologies if the fro<iuen(\y of 
operation is u;o 2 ‘ 



Peak stresses in P.U 
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Figure 2.22: Normalised Peak values of different state variables by differential equation 
method and CCA method(Variables with subscript 1 represent those obtained by actual 
simulation whereas others are those found by CCA)fTopoloPY 131 
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2.2 Steady State Analysis 



Figure 2.23: Normalised Peak values of different state variables by differential equation 
method and CCA method(Variables with subscript 1 represent those obtained by actual 
simulation whereas others are those found by CCA)(Topoloe:v 2'). 
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Figure 2.25: Normalised Peak values of different state variables by differential equation 
method and CCA method(Variables with subscript 1 represent those obtained by actual 
simulation whereas others are those found by CCA)(Tor»olnPv 5') 



Peak stesses in PU— 
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Peak comp stresses for C2/C1 = 2.0 L1/L2 = 0.5 4th oreder 



Figure 2.26: Normalised Peak values of different state variables by differential equation 
method and CCA method(Variables with subscript 1 represent those obtained by actual 
simulation whereas others are those found by CCA)fTopoloPT S'). 
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Figure 2.27: Normalised Peak values of different state variables by differential equation 
method and CCA method(Variables with subscript 1 represent those obtained by actual 
simulation whereas others are those found by CCA) (Topology 7). 


Chapter 3 


Selection of Topology 


3.1 Introduction 


The selection of the suitable topology is one of the mogt difficult task when the order of 
the converter increases. There are 98 possible topologies with 4-elcnients (2 inductors 
and 2 capacitors) [13]. Out of which 16 are pointed to be of voltage source and voltage 
sink type. These topologies are listed in fig 2.1. Out of these 16 topologies 4 arc just 
shunt type and they are not considered because in these there is no control of output 
voltage (which always remains same as that of the input voltage). Out of remaining 
12 topologies those topologies are considered in which the leakage inductance of the 
transformer can be added into orie of the resonant inductors . Hence only 6 topologies 
which are described in appendix-A are used for further study. 

3.1.1 Selection Methodology 

3. 1.1.1 Statement Of The Problem Of Selection Of Appropriate Topology 
Given: 

4 elements- 2 inductors Lj & L 2 and 2 capacitors Ci '& Ca of some value. 

Objective: 

To select the topology using the.se four elements, which gives minimum value of the 
optimising function given by eq. 3.1 for all possible load resistances. 
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3. 1.1. 2 Minimum Component Stress Method 

^C 2 p be the peak current stresses on Li Sz L 2 f'.nd p<!{ik voltage’ 
stresses on Ci & Cj respectively. Let Vo be the steady state outi)ut voltage of the 
converter. 

The sum of the j)eak energy stored in each elements of the system will be: 


5 = 


1 

2 


+ Cn)c2^ + Liibip^ + L2iL2p^) 


(3.1) 


Because this energy will vary as the output load changes so for eomparision purpose' 
we should normalise this function by output power. 

Let 



(3.2) 


Where 



(3.3) 


Hence we get 

2 _J_ — 2 

j£ 

Qiu)JP 

j and m repersent the normalised currents and voltages respectively. 


51 


— “b "b ^cip + amc2p 


(3.4) 


The value of Uo = 71 ^^ Is same for all the converters hence the optimising function 
cmi be taken to be 


92 = ^ + rncil “b 

QtM'^ 


(3.5) 


3.1.2 Selection of Operating Frequency 

One of the objectives of any DC-DC converter is its load independent operation. Wo 
have observed in the analysis that if the frequency of operation is eitln^r of the uj„\ 
or uJo 2 defined by eq. 3.6- 3.7, the output voltage of all the converters remain load 
independent. 
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U}o\ = 


(1 + MCI 

^ 12C2 


01 

C2 


)-v/(r 


LiCl 

L2C2 


+ 


01 

C2 


)2_4fKZi 


‘ L2(J2 


(3.G) 


(^o2 == 


(1 + 


L\Cl 

L2C2 


+ § 2 ) V'(^ + 


LlCI 

L2C2 


+ QiS2_4U 
^ C2) 


IC'l 


L2C2 


2 


(3.7) 


Hence we select the higher of the two frequencics(a;o 2 ) to l>o the operating fr(!((uen(:y 
for load independent operation. 


3.1.3 Optimisation of the Function 

In fig. 3.1- 3.5 the value of the optimising function given by etp 3.5 vs cj is plotted with 
different ratios a and b and full duty cycle for all the six toijologies to be considered for 
the selection. FYom fig. 3.1- 3.4 it is obvious that topology 83 gives the mininium value 

Selection Ot topology based on minimum energy analysis 



M(tilU' 3 .l; V'idlit' nl C IpllmiMitiK funci l"li 1(11 rlllb’ii'itl viiIik'm iil (|,l • l.n (1 !«. I< 
(l.fl 
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Figure 3.2: Value of Optimising function for different values of (i,D=l,n =1,1)=!. 


of the S2 and hence is fit for further consideration. Whereas for the case a = 1 , !) = 2 
( fig. 3.5), Topology 65(13] offers the minimum value of S2. Topology 83 which is 
number given in [13] which is same as the topology 8 of this work, which has been 
used for presentation of concepts so far. Hereafter topology 8 will be used for further 
description and simulation studies. 



value of optimising function 
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Figure 3.3: Value of Optimising function for different values of (i,D=l,a = 2, b = 2. 





Figure 3.4: Value of Optimising function for different values of q,D=l,a = 2, b = 1. 




value of optimising function * 
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Chapter 4 

LCLC Converter 


4.1 Description of Circuit Functioning 


Fig 4.3 shows simplified version of full bridge LCLC converter and fig. 4.2 shows 
the timing trigger sequence for the IGBT’s. The IGBT’s arc driven at slightly loss 
than 50% of duty cycle to avoid simultaneous conduction of the devices of same leg. 
All the IGBT’s are gated by a clock signal whose frequency determines the switching 
frequency w* of the converter . IGBTS’ S 12 and S 22 are gated with a controllable time 
delay (r) with respect to the gating of 5n,and 521 respectively. The input voltage vm) 
to the resonant converter, the current in through the series connected elements, and the 
reflected load voltage and current in are shown in Fig. 4.3.The time dclay(r) is the 
interval during which the voltage vab (Fig. 4.3) is either +K, or -Vj,,and vab remains 
zero during the remaining period. By varying this time delay (r),the output voltag<‘ of 
the converter is controlled. 

lypical voltage and current waveforms of the resonant tank are shown in Fig. 4.3 
represent all the state variables. The input and output switching voltages are also 
included in fig. 4.3. The switching frequency u, is selected to be 0 J 02 given by eq. 3. 7, for 
load independent operation. At t — to, the switch 5n is turned on and the switch S 12 
is turned off. If the current at to is positive it will represent loading pf oiicration and if 
the current is negative then it will be lagging pf operation. Here lagging pf operation 
is assumed. Since the current in at t = to is negative, the diodes D\\ and D \2 conduct 
till in becomes zero,t;^B is equal to +Vg. At t = ti,the current in becomes zero and 
begin to go positive , hence the switch pair 5n522 conduct upto t = < 2 - Tlio interval 
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(/.2 — U) is called power interval during which the input source supplies tank fis well as 
load energy. The period (ti — to) is the regenerative interval, in which the tank circuit 
returns energy to the input supply, while supplying the load energy. At t = 
switch S22 is turned off and Sn is turned on. The current freewheels through 
5 ii, resonant tank and Dn- This continues upto t — tz and the interval {tz — h) is 
called free resonant interval. During this interval, the resonant tank supplies energy 
to the load and no energy is supplied to the input source. At t = tz the switch Sn 
is gated off and ^21 is turned on. Since the half cycle stability and odd symmetry of 
the converter is to be maintained hence the states at t = ts are same with opposite 
polarity as those at i = to, in steady state. Hence the diodes D21 and Dn conduct till 
the current becomes zero at t = t4,this interval is again regenerative period similar to 
the interval (ti — to) in the begining. From t = <4 to t = ts, the switch 5i2'S'2i conduct 
constituting the second power interval in a cycle. At t = t6)'S'i2 is turned off and S22 
is turned on. S21 and D22 conduct giving the free resonant interval from to to ty. The 
waveforms shown for one complete cycle repeat again. 



Figure 4 . 1 : The circuit diagram of a fourth order resonant converter 
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Simulated waveforms for C2/C1 = 2.0 L1/L2 = 1 4th oreder Q = 2(SPICE3) 



Figure 4.3: Timing Diagram of the state variables{Normalised) of the conveter(Laggiiig 
pf mode 
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Chapter 5 

Simulation Of the Converter 


5.1 Introduction 

In this chapter the fourth order converter topology obtained in chapter 4 is extensively 
simulated and the simulated values are compared witli those obtained by analysis. The 
simulation of the converter by SPICE3 software package is a time consuming exrccisc 
and also the results are not presented in a format which can be used for evaluating the 
parameters like components stresses etc. . 

A C program is written to simulate the different converters by solving the differntial 
o(juations and also taking care of tlie parasitics of the components. The results obtained 
by this simulation method and those obtained by SPICES simulation are comi)ared and 
found to be matching. 

Design methodology of the converter is also suggested in this chapter. 


5.2 Design of the Converter Components 

The converter design is carried out around following specifications: 


• Minimum input DC voltage V,: 50 V. 

• Maximum output voltage: 50 V. 
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• Max Output current: 2 A. 

• Maximum overload current: 4 A. 

• switching frequency: 100 KHz. 

• Max ripple of output voltage: 2%. 

. 02—0 i-i — 1 

Cl ~ L2 ~ 

The design process is presented as following: 


1. Select the operating frequency to be uioj- 
u)oi — a = 2 and 6=1. 


uio, — 27rl00 ♦ 10® 

(6.1) 

/ici = (ui) 

(5.2) 

LlCl = 4.35 * 10-*® 

(5.3) 

Q _ [ I 

Wlmax - S / X f 

(5.4) 


l/.ma. j J 


2. Let the value of Qi corresponding to maximuih overload be 4.0 to restrict the 
stresses on resonant components. 

Qimox — 4.0 and Qi„in = 0.4. from eq. 5.4 we find 



3. Using eq. 5.3- 5.5 we can find the values of LI and Cl respectively. By using the 
values of a and b we can find the values of C2 and L2 respectively. 


LI = 104/iif Cl = 0.042AtF 


4. Let us choose the value of Cl to be 0.04/tF because 0.01//F capacitors are avail- 
able easily and four such capacitors can be paralleled together. 

5. Now the value of LI and L2 is modified to be L2 = LI = 100//, /f and C2 = 
0 . 08 /iF. 



5.2 Design of the Converter Components 


54 


6. The new operating frequency is found to be 


= 



= IQAKHz. 


5.2.1 Selection of the Output Filter Capacitor Co 

The obvious effect of the large filter capacitor is the reduction of the ripple in the 
output DC voltage of the converter but if the filter capacitor is very large then the 
starting transients of the converter become more severe and the resonant component 
stresses may go beyond the maximum limit and this may damage the switches. 

Another problem of the large filter capacitor is large settling time for the transients 
of the converter. Hence the transient analysis of the converter becomes necessary to 
determine the optimum value of the filter capacitor which gives satisfactory transient 
response besides meeting the output voltage ripple requirements. 

In fig. 5.3 the variation of the percentage ripple vs the filter capacitor is shown. It 
is observed from the figure that the percentage ripple increases as we increase the ratio 
§^(or decrese of the filter capacitance value). If the ratio ^ is less than or equal to 
0.035 then the percentage ripple remains within the desired limit(<2%). 

The transient analysis of the converter is carried out on cycle basis and the peak 
component stresses in each cycle are treated as state variables in each cycle. 

The variation of peak component stresses in response to a step change in load 
resistance(or Qi) is shown in fig. 5.1 and it is observed that if ^ is smallcr(0.0035) the 
transient behaviour of the converter is more severe than that when ^ is larger (0.035). 

Similarily the transient behaviour in response to a step change in duty ratio(D) from 
jC>mm(0.4) to Dmoi( 1-0) is sliown in fig. 5.2 and is observed that the peak strc.sses and 
settling time arc minimal in the case of larger ratio §^(or smaller filter capacitance 
Co). 

Hence in the light of the above discussion the filter capacitor is selected to be such 
that it is smallest of those which satisfy the output ripple rcquircmoiit(< 2%). 

Hence ^ = 0.035 is selected and the value of filter capacitor is chosen to be l.lfi/iF. 
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Effect of the Filter capacitance on the Transient Performance of the Converter C2/C1 = 2 L1/L2 = 1 



400 450 500 550 600 650 700 750 800 850 

No. of Half Cycles > 

Figure 5.1: Transient response for the step change in the load resistance(from Ql=2.0 
to Q1 = 4.0) with two different filter capacitors ( dots for ^ = 0.035 and lines for 
gi = 0.0035 . 

5.3 Start-Up of the Converter 

The converter can be started with or without any charge at filter capacitor. If convtn ter 
is started with zero charge on filter capacitor then the start-up transients are more 
severe than when it is started with some charge as observed from fig, 5.4. 

5.4 SPICES Simulation Methodology 

The SP1CE3 (Simulation Program with Integreted Circuit Emphasis) is used extensively 
for the simulation of electronic circuits. The circuit description is presented as an input 
file to SP1CE3 and the analysis commands are also part of the input file. Fig. 5.5 gives 
the cirruit diagram used for .simulation. Current monitoring is done by inserting zero- 
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Effect of the Filter capacitance on the Transient Performance of the Converter C2/C1 = 2 L1/L2 = 1 



400 450 500 550 600 650 700 750 800 850 

No. of Cycles > 

Figure 5.2: Ttansient response for the step change in duty ratio(from D=0.4 to D = 
1.0) with two different filter capacitors (dots for ^ = 0.035 and lines for ^ = 0.0035 

voltage sources in series with the branch. The symbol in the figure indicates the current 
monitoring paths. Resistances of low values are included in series with all inductors 
and resistaces of high values are connected in parallel with capacitances to make the 
simulation network more realistic and also to avoid possible reactance loops. If there is 
only reactance loop, then the spice3 simulation is aborted due to non-convergence. Fast 
recovery diodes are simulated by changing the transit time(TT) parameter of standard 
diode model of spiceS. MOSFET mode 1 is used for simulating the active switch . The 
transconductance {Kp) and mobility (V^) of the standard model is changed to get the 
desired characterstics of switch [25). 

The analysis is carried out over a long period of time (say 20 cycles of the inverter 
voltage) and data is taken during the last cycle. Thus, stable steady state is established 
before taking the data. 

'Flu* f.ransient analysis is carried out for different duty ratios and e.KtinnK^ load con- 



Percentage ripple 
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CI/C0 > 


Figure 5.3: Variation of percentage ripple in output voltage vs ratio ^ (Q 1 = 2 . 0 ) 

itions {Qi = 0A{Rl = 125o/im) to Qi = 2.0{Rl = 2bohm). Fig. 5.6- 5.11 give the 
.mulation waveforms of all state variables, input switching waveforms, output switch- 
ig waveforms . There are two sets of waveforms for each duty cycle, representing the 
icterme load conditions. All the variable obtained by simulation are normalised with 
ase values as defined in Appendix- A, for comparision purposes. 

From these waveforms it is observed that the output voltage of the converter remains 
)nstant from mi nimum load to maximum load(load independent operation) as it was 
und from the analysis. Prom the simulation waveforms it is observed that the convert- 
■ enters into discontinuous mode for low load and low duty cycle(Qi = 0.4, D = 0.4 
5 . 5.7). 




5.5 Simulation by Transient Numerical Solution of Differential Equations 


58 



Figure 5.4: Start-up Transient response with two different filter capacitor initial volt' 
ages ^ = 0.035 (dots for Mo = 1.0 and lines for Mo = 0.5) 


5.5 Simulation by Transient Numerical Solution of 
Differential Equations 


The SPICES does not support programming and the variables are not accessible for on- 
line processing. Hence for having more insight of the circuit operation and enhancing 
the speed of the simulation, a general C program was written which solves the con- 
verter dynamical equations using Runge-Kutta method and applying proper switching 
condition, for simulating the converter. 

The results obtained by this program and those obtained by the SPICES are shown 
in fig. 5.12- 5.13 and it is observed that these two plots are almost matching and the 
rasults of the simulation by C program are validated. The same C program is used for 
transient analysis of the converter as discussed in section 5.2.1. 
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Suhekt Switch 



Figure 5.5: Detailed Circuit Diagram of the Converter Used for SPICE3 Siinula- 
tion(Topology 8) 

5.5.1 Operation of the Converter with Pulsed Load 

The converter performance with pulsed load is important to study the dynami(\s of 
the converter. With pulsed loads the converter can take large instantaneous stresses 
without being overloaded. The converter’s performance with pulsed load is to.sted 
using C program and dianging the load resistance at the end of every half cycle. The 
converter wave forms with pulsed load are shown in fig. 5.14. 

From the fig. 5.14 it is observed that for pulsed load the ripple in the output voltage is 
increased to a large extent depending on the differece between minimum and maximum 
loads. 






iipu“> 
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Figure 5.8: Simulated wave forms for Qi = 2{Rl — 25ohm) D = 0.8. 


wavafofmt for COSKi « 2.0 L1/L2 - 1 4<h orwfer Q > 0.2(SP1CE3) 



Figure 5.9: Simulated wave forms for Qi = 0.4(7?/, = 125o/i7n) D = 0.8. 
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Figure 5.10: Simulated wave forms for Qi = 2{Ri = 25o/im) D = 1.0. 


Slmulatod wxvq fom u tor C2/C1 » 2.0 Ll/1.2 » 1 4ih oreder Q « 0.2(SPtCE3) 



Figure 5.11: Simulated wave forms for Qi — 0.4(R£, = 125ohm) D = 1.0 






5.5 Simulation by TVaiisient Numerical Solution of Differential Equationa 03 



Figure 5.12: Simulation Waveforms of the Converter for Qi = 2.0,D = 0.75(Using C 
program). 


Smutetod w«yelofmt for C2AJ1 « 2,0 L1/L2 ■ 1 4lh owier 0 « 2(SPICE3} 



Figure 5.13: Simulation Waveforms of the Converter for = 2.0, D = 0.75(Using 
SPICE). 
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Conclusion 


6.1 Conclusion 


The analysis and simulation of fourth order resonant DC-DC convreters with capacitive 
filter at output has been proposed and studied. The analysis of the fourth order 
converters has been carried out with a new method known as state transformation 
method. Prom the analysis it was observed that all selected fourth order converters 
have two frequencies at which load independent operation takes place. 

The selection of the topology has been based on the minimum component stress 
method and was applied on all the converter topologies and one offering the minimum 
stresses was selected for further study. 

Design procedure and equations have been obtained based on the analysis and the 
have been used to illustrate a design example. 

The exhaustive simulation of the selected topology was carried out for different 
operating conditions using SPICES software package. The simulation results are in 
agreement with the analytical results. 

The transient behaviour of the converter are also studied by simulation, by a C 
program. The effect of the output filter capacitance on the transient behaviour of the 
converter, was also studied and optimum value of the filter capacitance is selected. The 
effect of the initial charge of the filter capacitor, on the starting transient behaviour of 
the converter is also studied and it is found that converter should be started with filter 
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capacitor charged to some finite voltage. 


6.2 Suggestions for Future Work 


In the selection of topology it was found that for some ratios(say a = l,b = 2), toi)ology 
5 (C5 of [13]) gives the minimum value for optimising function. Hence tlie characterstica 
of this topology can also be investigated in detail. 

The method of state space decoupling has proved to be efficient when compared with 
the real time simulations run to obtain the steady state solutions, hence this method can 
be extended to the analysis of other converters and also for different control methods 
of the same converter. 

Possibility of closed loop robust controllers to make the dynamic performance supe- 
rior can also be explored. 
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State space equations for different topologies 


The state space description of all the selected topologies are given in circuit param- 
eter form and also in the normalised form as following. 

The normalisation of the variables is carried out using the following base quantities. 

Vb = F. 



= thcT 

6 = wjjt 


JLI = ^ 


JL2 


_ iix 


rnc2 “ ^ 

Topology 2; 


iLl 

— 

+ ■ 
vin 


vcl iL2 
/nn_ 


vc2i 


|v„ 


Equations in General form 


^ = -n(^ci + vc2 - w») 


LI 


^ 


dt 


CV 


id = iL2 


Equations in normalised form 
= — (nici + n 2 c 2 — Va„) 
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^ = K^nc-z - uioi) 
dO a 

jd = 3L2 


Topology 3: 



Equations in General form 


^ = - A(«ci - V,) 

^ “ *w) 

^ = ii{yci - VC2 - Vo) 
dvci — Xi,„ 

id = iL2 


Equations in normalised form 

^ = -(mci - v,J 
^ = Oli - ju) 

^ = a(mci - mc2 - m<,i) 

_ 2Jdl 
d€ a 

jd = JLI 


Topology 5; 



Equations in General form 


+ t'C2 + Vol - Vs) 
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*rf == tw 


Equations in normalised form 

^ = -(mci - t),J 
= Uli + Jlt) 

^ = -b{Tnci + mc2 - + rrioi) 

dmri ^ iuz 
dO a 

Jd = Jl2 


'Ibpology 7t 





Equations in General form 

^ = -ii{vCl+Vol-V,) 

^ = ^{tLl+tL2) 

^ = -n(*^Cl + UC2-V*) 
rftJca L.',„ 

dt 

id = hi 


Equations in normalised form 

^ = -(mci 4- nioi - VtJ 
^ = (iM+JL2) 

^ = -b{mc\ + Tnc2 — Vs„) 

dmn2 ixjL 

d9 7" a 

jd = jhi 


Topology 8: 


Appendix A 


74 


iLI ••■vCl- 4*vC2- 



Equations in General 

form 

diiA 

(if 

= + VC2 + Vol 

^m) 

(It 

= 


di 

= ■^VC2 


ftlCZ 

dt 

= ^iki - iw) 


id = 

ki 
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dlJlC72 ^ 
dO 

jd = jll 


ILX 

a 


State Equation for the capacitive filter 



Equation in general form 


Equation in normalised form 
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SPICES Program Used for Simulation of 
Converter(Topology 8) 

Fourth Order LC-LC Converter 
vg 2 3 dc 50v 
ride 9 4 1.0 
vide 2 9 0 
vit 4 5 0 

xll 5 110 1 mrf330 
xl2 6 120 0 mrf330 
x21 1 210 3 mrf330 
x22 0 220 3 mrf330 
vi21 5 6 0 

vgll no 1 pulse(0 10 In In In 4.8u 9.6u) 

vgl2 120 0 pulse(0 10 3.Cu In In 4.8u 9.6u) 

vg21 210 3 pulsejlO 0 In In In 4.8u 9.6u) 

vg22 220 3 pulsejlO 0 3.Cu In In 4.8u 9.6u) 

rll 1 511 0.5 

11511512 100U 

vll 512 513 0 

el 513 514 0.04U 

rcl 513 514 100k 

e2 514 516 .08u 

re2 514 516 100k 

rl2 514 515 0.5 

12 515 510 lOOu 

vl2 510 516 0 

rdol 516 614 0.5 

rdo2 613 616 0.5 

rdo3 0 615 0.5 

rdo4 613 617 0.5 

rdl 516 611 .Imeg 

rd2 516 613 .Imeg 

rd3 0 611 .Imeg 

r(14 0 013 .Imog 

lol (511 012 0.5 

(•,() 012 613 1.15U ic = 50 

vol 612 619 0 

rl 619 613 10 

dol 614 611 dpa 

do2 616 516 dpa 

do3 615 611 dpa 

(1()4 617 0 dpa 
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.model irf330 nmos ( vto = 1 kp = 2 is = l.Oe-15 ) 
.model dpa d (tt=50n is=le-9) 

.tran .05u 105.6u 96u uic 
.end 


.subekt mrf330 31 32 33 
mab 31 310 33 33 irf330 
dab 315 31 dpa 
rdab 33 315 0.5 
cd 31 33 0.005U 
rd 31 33 100k 
rg 32 310 50 
eg 32 310 O.lu 
ciss 310 33 700p 
riss 310 33 1000 
.ends mrf330 


Contributions of the Thesis 


1. The study of fourth order converters in general sense. So far the 
study on the fourth order converter has been restricted to one topology 
only(LCLC parallel resonant converter with Inductor filter). 

2. A new method for analytical solution of the fourth order converter is 
suggested. 

3. Minimum component stresses method is applied for a procedural se- 
lection of the suitable topology. This method has been applied for the 
optimal design of Series resonant converter in reffl]. 

4. The simulation of the converter was carried out by SPICE3 but SPICES 
is not fit for evaluating component stresses, effect of parameter varia- 
tion at one go, Gain of the converter for different frequencies. Hence a 
general simulation program using the solution of differntial equation. 

5. Pulsed load Analysis of the converter is presented. 

6. The transient analysis of the converter is carried out which normally a 
scarce thing in resonant converter literature. 
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